



The Bistatic Continuous-Wave Radar Method 
for the Study of Planetary Surfaces 




H 653 July65 
Scientific Report No, 13 
Prepared under 
National Aeronautics and Space Administration 
Research Grant NsG-377 . 
(THRU) 
: N 6 6 - 1 2 9 6 ?  
(ACCESSION NUMBER) 
Ii (PAGES) A 
d 
kATEGORY1 
: . P  A- 6 f3/2 
(NASA CR OR TMX OR AD NUMBER) 
RRDlOSClEIlCE LRBORRTORV 
ITRllFORD ELECTROIII[I LIIHORRTORIEZ 
STRIFORD UlllUERSlTY STRIFORD, CRLlFORIlR 






THE BISTATIC CONTINUOUS-WAVE RADAR METHOD FOR 
THE STUDY OF PLANETARY SURFACES 
by 
G. L. T y l e r  
October 1965 
Reproduction i n  whole o r  i n  p a r t  
i s  p e r m i t t e d  f o r  any purpore  o f  
t h e  United S t a t e s  Government. 
S c i e n t i f i c  Report. No. 13 
-___A- 
Prepared under  
N a t i o n a l  A s t r o n a u t i c s  and Space Admin i s t r a t ion  
Grant  NsG-377 
Radiosc ience  Labora to ry  
S t a n f o r d  E l e c t r o n i c s  L a b o r a t o r i e s  





A method i s  proposed f o r  o b t a i n i n g  r a d a r  maps of t h e  s u r f a c e  of a 
p l a n e t .  T h i s  method i s  based on the  u s e  of a b i s t a t i c ,  continuous-wave 
mode of r a d a r  o p e r a t i o n  between t h e  E a r t h  and a s p a c e c r a f t  o r b i t i n g  t h e  
p l a n e t ,  I f  t h e  p l a n e t  i s  i l l u m i n a t e d  by r a d i o  t r a n s m i s s i o n  from t h e  
E a r t h ,  and i f  t h e  o r b i t e r  samples b o t h  t h e  i l l u m i n a t i n g  wave and t h e  
wave s c a t t e r e d  b y  t h e  p l a n e t ,  t h e  ampl i tude  and phase  of  t h e  s c a t t e r e d  
wave may be recovered  by a comparison o f  t h e  two. T h i s  i n f o r m a t i o n  may 
t h e n  be processed  t o  c r e a t e  a f o c u s e d  image of t h e  o r i g i n a l  b r i g h t n e s s  
d i s t r i b u t i o n ,  and r e s o l u t i o n  of a f e w  wavelengths  i n  r a n g e  and azimuth 
can t h e o r e t i c a l l y  b e  o b t a i n e d .  E v a l u a t i o n  of t h e  t e c h n i q u e  i n d i c a t e s  
t h a t  i t  i s  f e a s i b l e  t o  a p p l y  it to  Mars, Venus, and t h e  Moon. 
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s p e c t r a l  d e n s i t y  of n o i s e  
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F resne l  i n t e g r a l  f o r  s i n e  





NOTATION (Continued ) 
wavelength of r a d i a t i o n  f i e l d s  
apparent angle  between a l i n e  to L and 
the plane containing  g 




convolution ( a s  g*p) 
complex conjugate ( a s  e i )  * 
c 
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T h i s  r e p o r t  p r e s e n t s  a novel method f o r  o b t a i n i n g  r a d a r  maps--i .e. ,  
r a d a r  b r i g h t n e s s  d i s t r i b u t i o n s - - o f  o t h e r  p l a n e t s  and the  Moon--by employing 
a b i s t a t i c ,  continuous-wave mode of r a d a r  o p e r a t i o n  between an o r b i t i n g  
space  v e h i c l e  and an E a r t h  s t a t i o n ,  The t e c h n i q u e  i s  a s imple  e x t e n s i o n  
of  ' 'wavefront r e c o n s t r u c t i o n "  in t roduced  by Gabor [ R e f .  11 f o r  microscopy 
e x c e p t  t h a t  now an o r b i t e r  is  used t o  sample t h e  rad io- f requency  i n t e r -  
f e r e n c e  p a t t e r n  formed by an i l l u m i n a t i n g  wave and t h e  f i e l d s  s c a t t e r e d  
by a p l a n e t .  I n  t h e  c a s e  of high s i g n a l - t o - n o i s e  r a t i o s  t h e s e  maps w i l l  
have a r e s o l u t i o n  of a f e w  t o  a few-hundred wavelengths;  f o r  v e r y  l o w  
s i g n a l - t o - n o i s e  r a t i o s  r e s o l u t i o n s  of s e v e r a l  thousand wavelengths  can 
b e  a c h i e v e d .  Such maps w i l l  p rovide  d e t a i l e d  i n f o r m a t i o n  on t h e  s t r u c t u r e  
and composi t ion of p l a n e t a r y  sur faces- - informat ion  t h a t  has  n o t  p r e v i o u s l y  
been o b t a i n e d  and t h a t  cannot  be o b t a i n e d  by o p t i c a l  o b s e r v a t i o n s  a l o n e .  
I n  t h e  c a s e  of Venus, r a d a r  maps would a p p a r e n t l y  p r o v i d e  one of t h e  few 
means, o t h e r  than  d i r e c t  e x p l o r a t i o n ,  f o r  s t u d y i n g  the  s u r f a c e .  
For t h e  purpose  of c o n s t r u c t i n g  a model, c o n s i d e r  an i s o l a t e d  s p h e r i c a l  
body B, which f o r  t h e  moment is  assumed t o  be s t a t i o n a r y .  Le t  t h e  body 
B be i l l u m i n a t e d  by a monochromatic r a d i o  s o u r c e  on the  E a r t h ,  which i s  
s u f f i c i e n t l y  removed from B f o r  t he  i n c i d e n t  f i e l d s  e to  be cons id-  
e r e d  p l a n e .  C a l l  t h e  f i e l d s  s c a t t e r e d  by t h e  body e . B is a l s o  assumed 
t o  be much much l a r g e r  t h a n  t h e  wavelength of the i l l u m i n a t i o n  and t o  pos- 
sess a s u r f a c e  t h a t  i s  smooth on t h e  s c a l e  of i t s  s i z e  even though i t  may 
d e v i a t e  many wavelengths  from i ts  mean, The Moon, Mars, and Venus s a t i s f y  
t h e s e  c o n d i t i o n s  e x c e p t  f o r  t h e  s t a t i o n a r i t y  assumption.  F u r t h e r  assume 
t h a t  B is e n c i r c l e d  by an o r b i t i n g  s p a c e c r a f t  t h a t  samples t h e  f i e l d s  
a l o n g  i t s  o r b i t .  To s i m p l i f y  m a t t e r s  somewhat, l e t  t h e  s p a c e c r a f t  b e  
equipped w i t h  an an tenna  t h a t  views B on o n l y  one  s i d e  of i t s  ground 
t r a c k .  Over a s h o r t  p o r t i o n  of  i t s  o r b i t  t h e  v e h i c l e ' s  t r a j e c t o r y  is 
approximate ly  l i n e a r ,  I t  t h e r e f o r e  seems r e a s o n a b l e  t o  adopt  t h e  f o l l o w i n g  
model f o r  b i s t a t i c - r a d a r  mapping. 
i' 
S 
I n  t h e  c o o r d i n a t e  s y s t e m o f  F i g .  1 l e t  the  s t r a i g h t  l i n e  from 
(xo, a ,  z ) t o  
s t r a i g h t - l i n e  assumption w i l l  be  removed l a t e r . )  
Cons ider ing  each v e c t o r  component of t h e  f i e l d s  s e p a r a t e l y  and u s i n g  complex 
(xo, b,  z o )  r e p r e s e n t  t h e  s a t e l l i t e  t r a j e c t o r y .  ( T h i s  
0 
Denote t h i s  l i n e  by L. 
- 1 -  SEL-65-096 
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I 
FIG. 1. COORDINATE SYSTEM SHOWING RELATIONSHIP BETWEEN 
TRAJECTORY AND CURRENT DISTRIBUTIONS. 
n o t a t i o n ,  w e  may t h e n  w r i t e  the  i n c i d e n t  wave a s  
- -  
e = A e x p [ j ( u t  - k - r ) ]  , 
i 
- - 
where k is  t h e  wave v e c t o r  = 2 ~ / ) , ,  r i s  t h e  p o s i t i o n  v e c t o r ,  
and A i s  t h e  f r e e - s p a c e  wavelength of t h e  i n c i d e n t  r a d i a t i o n .  L e t  
g ( x ,  y ,  2 )  be a v e c t o r  component of t h e  c u r r e n t  d i s t r i b u t i o n  on t h e  
s u r f a c e  of B r e s u l t i n g  from e . From e l e c t r o m a g n e t i c  t h e o r y  e is 
t h e n  
i S 
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- -  
Or, if p = exp[-jk.r]/lrl, then e = g*p exp[jwt], where * denotes 
convolution. It is tempting to consider g(r) as a current sheet and to 
write the expression for e as an integral over ds rather than over 
dv. However, the optical depth of a radar signal impinging on a planetary 
surface may be a considerable number of wavelengths, and the scattered 
fields must be written in terms of volume elements even though the currents 
have a two-dimensional character. 
S 
S 
The incident and reflected waves form an interference pattern in the 
with a time average power (in the case of space above the surface of 
noiseless square-law detection) of 
B 
* 2 2 * * 
+ e e  + e e  , P = (es+ei) (es+ei) = leSl + leil s i  s i  
* where indicates the complex conjugate. Substituting for e from 
Eq. (l), we have 
i 
- -  * - -  2 2 * 
P(x,y,z) = I A l  + les\ + A e S exp[-jk.r] + Ae S exp[jk'r] . 
Since the exp[j~t] is lost in detection, e now refers to the spatial 
variation of the fields. If 5 = cos(<,L), then along L the power 
S 
The spatial Fourier spectrum along L is 
where upper-case letters represent the Fourier transform with respect to 
y of the corresponding lower-case symbols, The squaring operation pro- 
centered 
2 2 
duces a constant \ A \  , some intermodulation products I esl 
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on t h e  s p a t i a l  f requency  a x i s ,  and a s p a t i a l  carrier 
u l a t e d  by e . C l e a r l y ,  i f  u is t h e  g r e a t e s t  f r e q u e n c y  i n  e and 
t h e n  e may b e  recovered  from t h e  i f  (2rr/h)t is g r e a t e r  than  3u 
power by a f i l t e r i n g  o p e r a t i o n .  The o u t p u t  spectrum of t h e  d e t e c t o r  is 
i l l u s t r a t e d  i n  F i g .  2 ;  t h i s  is a r e s u l t  t h a t  i s  w e l l  known i n  holography 
[Ref .  21 .  
cos [ (25r /h )S] ,  mod- 
S max S ’  
max ’ S 
FIG. 2. SPATIAL FREQUENCY DISTRIBUTION OF DIRECT AND REFLECTED SIGNALS. 
Although square-law d e t e c t i o n  has  been d i s c u s s e d  h e r e  because i t  is  
a s i m p l e  way to  r e c o v e r  t h e  s c a t t e r e d  f i e l d  and because i t  makes t h e  a n a l -  
ogy w i t h  holography more v i v i d ,  i t  i s  n o t  e s s e n t i a l  t o  t h e  p r o c e s s .  I n  
b i s t a t i c - r a d a r  mapping t h e r e  a r e  o t h e r  d e t e c t i o n  schemes t h a t  may b e  used 
t o  some advantage .  
The s a l i e n t  f e a t u r e  of t h i s  development t h u s  f a r  is  t h a t  t h e  system 
i s  s e l f - c a l i b r a t i n g .  One may t h i n k  of  t h e  i n c i d e n t  wave a s  p r o v i d i n g  a 
r e f e r e n c e  s i g n a l  w i t h  which t h e  s c a t t e r e d  wave i s  compared and which 
allows b o t h  t h e  ampl i tude  and phase  of t h e  s c a t t e r e d  f i e l d s  t o  be recovered ,  
w i t h  t h e  e x c e p t i o n  of an unimportant phase  fac tor .  P h y s i c a l l y ,  t h e  s u r -  
f a c e s  of c o n s t a n t  phase  d i f f e r e n c e  between t h e  i n c i d e n t  wave and t h e  f i e l d s  
s c a t t e r e d  by a p o i n t  a r e  p a r a b o l o i d s  i n  s p a c e .  
f e r e n c e  p a t t e r n  of a s i n g l e  s c a t t e r e r  and a p l a n e  wave is  a f a m i l y  of pa- 
r a b o l o i d s  of maxima and minima of power. The r e l a t i v e  p o s i t i o n s  and 
Consequent ly  t h e  i n t e r -  
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* 
a m p l i t u d e s  of t h e  families of p a r a b o l o i d s  a s s o c i a t e d  w i t h  d i f f e r e n t  tar- 
g e t s  r e v e a l  t h e  r e l a t i v e  p o s i t i o n  and a m p l i t u d e s  r e s p e c t i v e l y  of t h e  
t a r g e t s  themselves .  The s c a t t e r e d  f i e l d  which i s  a l i n e a r  s u p e r p o s i t i o n  
of t h e  p a t t e r n s  of t h e  many s c a t t e r e r s  t h a t  make up the  s u r f a c e ,  is  p r e -  
s e r v e d  i n  t h e  cross terms of the d e t e c t i o n  p r o c e s s .  I n  e f fec t ,  a space- 
c r a f t  sampling t h e  power a l o n g  L is sampling t h e s e  p a t t e r n s  and it  i s  
i n  t h i s  way t h a t  a s p a c e  v e h i c l e  can p r o v i d e  i n f o r m a t i o n  about  t h e  scat- 
t e r e d  wavefronts  a l o n g  i ts  t r a j e c t o r y ,  
* 
If es i s  convolved w i t h  p , the  r e s u l t  i s  
* * 
g '  = es*p = g++p*p 
g ( x ' , y ' , z ' )  e x p [ j \ E l ( x  - X I )  2 + ( y ~ ~ - y ~ )  2 +(zo-zf) 2 %  1 
[(x,-x') 2 +(y ' f -y ' )  2 + ( z o - z ' )  2 %  3 d v '  dy" . 
g#o 
For  g '  cor responding  t o  a p o i n t  t a r g e t  T a t  ( X 1 , Y l , Z J ,  w e  have 
2 2 
0 1 0  Some s i m p l i f i c a t i o n  r e s u l t s  from l e t t i n g  r = (xl-x,) + ( z  -z )2  and 
(ro-Llr) 2 = (x,-x) 2 + ( z , - z )  2 , so t h a t  
- 5 -  SEL-65-096 
4 
where r is  c l e a r l y  t h e  d i s t a n c e  from L t o  a p a r a l l e l  l i n e  c o n t a i n i n g  
t h e  target ,  Ar is  t h e  d i s t a n c e  from t h e  t a r g e t  p r o j e c t e d  o n t o  t h e  p l a n e  
c o n t a i n i n g  T and L, measured p o s i t i v e l y  toward L,  and (y,-y) is 
d i s t a n c e  from T i n  the y d i r e c t i o n .  N o  g e n e r a l i t y  is l o s t  i f  w e  t a k e  
0 
= 0. Normalizing so t h a t  g ' ( 0 , O )  = 1, 
y1 6 
With At- = 0, Eq. ( 4 )  is the  v o l t a g e  an tenna  p a t t e r n  of a un i -  
formly  i l l u m i n a t e d ,  p e r f e c t l y  c o r r e c t e d ,  c o h e r e n t ,  s ide- looking  r a d a r  
focused  a t  range  r [Ref ,  31. However, from the  form of Eq. ( 4 )  
i t  is  c l e a r  t h a t  the ampl i tude  of t h e  p a t t e r n  f a l l s  off w i t h  Ar a s  w e l l  
as w i t h  y.  I t  is t h i s  f a c t  t h a t  makes p o s s i b l e  the  r e s o l u t i o n  i n  range  
w i t h o u t  t h e  u s e  of  p u l s e d  waveforms. 
0 
I n  a d d i t i o n ,  Eq. (4) w i l l  be recognized  a s  the  m a t c h e d - f i l t e r  r e s p o n s e  
t o  a ( s p a t i a l )  s i g n a l  p ( r ) .  
p o i n t  formed through a s l i t .  
s e p a r a t i n g  e from e is  a d i r e c t  ana logue  of a one-dimensional holo- 
gram. These r e l a t i o n s h i p s  w i l l  be used l a t e r  t o  p r o v i d e  bet ter  under- 
s t a n d i n g  of t h e  p r o c e s s i n g  involved i n  t h e  image f o r m a t i o n .  
I t  i s  a l s o  t h e  e q u a t i o n  of t he  image of a 
Equat ion ( 4 ) ,  t o g e t h e r  w i t h  t h e  method f o r  
S i ' 
Taking t h e  u s u a l  r a d a r  c o n d i t i o n  t h a t  s e p a r a t e  t a r g e t s  have a uni form 
phase  d i s t r i b u t i o n  (so t h a t  power s u p e r p o s i t i o n  h o l d s  f o r  t h e  s t a t i s t i c a l l y  
expec ted  r e s p o n s e )  a l l o w s  t h e  power p a t t e r n  
i n  t he  same manner t h a t  Woodward's ambigui ty  f u n c t i o n  [Ref.  41  i s  i n  deter- 
mining r e s o l u t i o n  i n  p u l s e d  r a d a r .  
g i v e s  r e s o l u t i o n  i n  range and l a t e r a l  d i sp lacement  w h i l e  t h e  ambigui ty  
f u n c t i o n  d e s c r i b e s  a sys tem's  r e s p o n s e  i n  range  and r a n g e  ra te .  (Note 
t h a t  Eq. 
Loosely speaking ,  where I ( & , y )  r e s u l t i n g  from some t a r g e t  i s  l a r g e  
compared t o  the  peak s i g n a l  f rom a second t a r g e t ,  t h e  second t a r g e t  w i l l  
be  obscured .  I n  t h i s  way I (Ar,  y )  i n d i c a t e s  fundamental  s y s t e m  l imi t a -  
t i o n s  on the  r e s o l u t i o n  t h a t  may be achieved .  
2 
I ( & , y )  = I g&1 t o  be viewed 
The d i f f e r e n c e  l i es  i n  t h a t  I(A.r,y) 
( 4 )  is n o t  e q u i v a l e n t  t o  t h e  ambigui ty  f u n c t i o n ,  o n l y  s i m i l a r . )  
SEL-65-096 - 6 -  
I f  one  measures  a l l  d i s t a n c e s  i n  wavelengths  and assumes 
(b-a)/2ro < 0.1, then  I ( & , y )  may be  approximated by 
x=a 
I ( 4 Y )  = 
where C and S r e p r e s e n t  t h e  F r e s n e l  i n t e g r a l s  f o r  c o s i n e  and s i n e  
r e s p e c t i v e l y .  A s  &+O it can  be  shown t h a t  Eq. (5 )  becomes 
1 (h' Y = s i n c 2  [y y]  . 
T y p i c a l  c o n t o u r s  of  Eqs. (5)  and (6)  a re  g iven  i n  F i g .  3. Note t h a t  a l l  
dimensions a r e  i n  wavelengths .  The one-half-power r e s o l u t i o n  i n  Ar and 
FIG. 3. ISOPHOTES OF RESPONSE TO A POINT SOURCE. Con- 
t o u r s  a r e  i n  d e c i b e l s .  
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y, s t i l l  measured i n  wavelengths ,  may be shown to  depend o n l y  on f = 
(b-a) / ro .  Along y t h e  resolut ion is  p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of 
f ,  a l o n g  Ar, t o  t h e  i n v e r s e  square of f .  
I t  should be c l e a r  t h a t  I ( A r , y )  is  a f i g u r e  of r e v o l u t i o n  about  
L and t h a t  Ar r e f e r s  o n l y  t o  changes i n  range .  Thus,  when t h e  c u r r e n t  
d i s t r i b u t i o n  g l i es  e n t i r e l y  in a p l a n e  c o n t a i n i n g  L,  I ( A r , y )  g i v e s  
t h e  r e s o l u t i o n .  I f  g l ies i n  some o t h e r  p l a n e ,  t h e n  I ( A r , y )  must be 
modi f ied  by r e p l a c i n g  AI- by AI-' cos 8 ,  where Ar' is  t h e  d i s t a n c e  
normal t o  y measured i n  t h e  p lane  c o n t a i n i n g  g ,  and 8 i s  t h e  appar-  
e n t  a n g l e  inc luded  between a l i n e  t o  L and t h e  p l a n e  c o n t a i n i n g  g.  
T h i s  r e l a t i o n s h i p  a l s o  h o l d s  f o r  c o n v e n t i o n a l  s ide- looking  r a d a r .  
I f  F i g .  4 i s  e x t r a p o l a t e d  t o  h i g h e r  f ' s ,  i t  seems r e a s o n a b l e  t o  
e x p e c t  t h e  r e s o l u t i o n  to  cont inue  t o  improve, a t  l e a s t  u n t i l  f = 1; t h e r e  
are  good p h y s i c a l  arguments i n d i c a t i n g  t h a t  h i g h e r  r e s o l u t i o n s  can be ob- 
t a i n e d .  I t  is  c e r t a i n l y  c l e a r  t h a t ,  f o r  s u f f i c i e n t l y  s h o r t  wavelengths ,  
to-* io-' I 
f = PATH /RANGE 
FIG. 4 .  RESOLUTION VS SYSTEM f 
NUMBER. f = (b-a) / ro .  
IO 
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the  d i s t a n c e  
t he  f l i g h t  p a t h  of a s ide- looking  r a d a r  can be exceeded f o r  any 
A c t u a l l y ,  t h e r e  i s  no problem, since 
t h e  fundamental  l i m i t ,  growing out of t h e  p r a c t i c e  of  employing an tennas  
of f i x e d  o r i e n t a t i o n  on a i r c r a f t .  The r e s u l t s  quoted i n  t h i s  paper  can 
b e  achieved  even w i t h  narrowbeam a n t e n n a s  i f  t h e  a r e a  t o  be mapped is 
r e s t r i c t e d  so t h a t  i t  can always be viewed from t h e  f l i g h t  p a t h  and t h e  
an tenna  i s  c o n t i n u a l l y  aimed a t  t h i s  a r e a  a s  t h e  r a d a r  c a r r i e r  goes by; 
t ha t  i s ,  one  may t r a d e  r e s o l u t i o n  for  t h e  s i z e  of  t h e  a r e a  t o  be mapped 
and v i c e  v e r s a .  
D/2 o f t e n  quoted a s  t h e  maximum r e s o l u t i o n  t r a n s v e r s e  t o  * 
f .  
D / 2  i s  a p r a c t i c a l  r a t h e r  than  
When r a d a r s  employing pulsed  waveforms a r e  u t i l i z e d  f o r  mapping, i t  is 
e a s y  t o  v i s u a l i z e  how r e s o l u t i o n  i n  range  and azimuth a r e  o b t a i n e d .  J u s t  
how t h i s  works when c o n t i n u o u s  waveforms a r e  employed may n o t  be q u i t e  
So obvious .  I t  can be expla ined  by an o p t i c a l  ana logy .  
I t  is e lementary  i n  o p t i c s  t ha t  t h e  r e s o l u t i o n  t r a n s v e r s e  to  t h e  o p t i c  
ax is  of an imaging system depends on the  s i z e  of t he  system a p e r t u r e  i n  
wavelengths .  I n  a d d i t i o n ,  there e x i s t s  i n  a focused  image a l o n g i t u d i n a l  
r e s o l u t i o n  a s s o c i a t e d  w i t h  t h e  f o c u s i n g  itself [Ref .  61. 
For  a two-dimensional a p e r t u r e ,  the  d e f i n i t i o n  of t h e  image a l o n g  the  
op t ic  a x i s  depends on t h e  f o c a l  l e n g t h  of t he  sys tem and t h e  a p e r t u r e  s i z e .  
Thus an imaging system employing a two-dimensional a p e r t u r e  a c t u a l l y  re- 
c r e a t e s  a th ree-d imens iona l  image. Focusing a camera cor responds  t o  
p l a c i n g  the  image of t h e  s u b j e c t  on the  f i l m  p l a n e .  If a l e n s  i s  made t o  
image through a one-dimensional a p e r t u r e  by p l a c i n g  a s l i t  j u s t  behind 
t h e  l e n s ,  r e s o l u t i o n  is completely lost  i n  t h e  d i r e c t i o n  o r t h o g o n a l  t o  
t h e  p l a n e  formed by t h e  s l i t  and t h e  o p t i c  a x i s  and degraded somewhat i n  
t h e  other t w o  d i r e c t i o n s .  I t  is  e a s y  t o  show t h a t  the  image h a s  been 
i n t e g r a t e d  i n  t h e  d i r e c t i o n  t r a n s v e r s e  t o  t h e  s l i t .  For  a d i s c u s s i o n  on 
one-dimensional a p e r t u r e s ,  see  Bracewell  [Ref. 71.  For  the s p e c i a l  c a s e  
of a p l a n a r  o b j e c t  p a r a l l e l  t o  the  s l i t ,  v e r y  l i t t l e  is l o s t ,  s i n c e  t h e  
b r i g h t n e s s  d i s t r i b u t i o n  of the  image i n  the p l a n e  cor responding  t o  t h e  
o b j e c t  i s  e s s e n t i a l l y  preserved .  
* 
D i s  t h e  s i z e  of t h e  e f f e c t i v e  a p e r t u r e  of t h e  r a d a r  an tenna .  [Ref. 51. 
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Figure 5 represents  t h e  imaging of t w o  p o i n t  sources w i t h  a t w o -  
dimensional aperture.  
sources might look if t h e  aperture were blocked i n  one dimension. 
of the  image occurs t ransverse  to t h e  s l i t  but r e s o l u t i o n  i s  o therwise  
maintained. 
Figure 6 shows how t h e  image of t h e  same t w o  p o i n t  
Smearing 
0 
0 1  
LENS 
0 I2 
6 2  r: 0 I2 




0 2  0 "I 
F. L .  -- SLIT -- 
FIG. 6 ,  IMAGING WITH A ONE-DIMENSIONAL APERTURE. 
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The hologram p r o v i d e s  a photographic  ana logue  of b i s t a t i c  r a d a r .  When 
i l l u m i n a t e d  w i t h  a fan-shaped beam of monochromatic l i g h t ,  t h e  r e a l  image 
produced i s  e q u i v a l e n t  t o  t h e  image produced by a s l i t - c o v e r e d  l e n s ;  
t h e  e n t i r e  p r o c e s s  of making t h e  hologram and p l a y i n g  i t  back w i t h  a f a n -  
shaped beam corresponds  t o  t h e  b i s t a t i c - r a d a r  mapping scheme d e s c r i b e d  
i n  t h i s  p a p e r .  
Encouraging p r e l i m i n a r y  exper imenta l  r e s u l t s  i n  s u p p o r t  o f  b i s t a t i c  
r a d a r  have been o b t a i n e d  by e x p l o i t i n g  t h i s  ana logy .  F i g u r e  7 shows an 
o r d i n a r y  photograph of some washers on a b l a c k  background. F i g u r e  8 i s  
t h e  r e a l  image of t h e  hologram of t h i s  object .  F i g u r e  9 i s  t h e  r e a l  image 
of t h e  hologram of t h e  o b j e c t  when t h e  hologram was i l l u m i n a t e d  w i t h  co- 
h e r e n t  l i g h t  from a 20-micron s l i t ,  2 c m  long  p laced  j u s t  behind t h e  holo-  
gram. The wavelength was 0.6328 microns from an He-Ne l a s e r .  The mean 
d i s t a n c e  from t h e  s l i t  t o  t h e  image was about  12 cm. I n  b o t h  F i g s .  8 and 
9 t h e  image i s  recorded  i n  t h e  p l a n e  t h a t  was occupied  by t h e  o b j e c t  when 
t h e  hologram was taken .  F igures  8 and 9 a r e  o r i e n t e d  so t h a t  t h e  s l i t  
would be a t  t h e  bottom of  t h e  p i c t u r e s .  The v e r t i c a l  smear on F i g .  9 i s  
t h e  d i f f r a c t i o n  p a t t e r n  of the s l i t .  Some a b e r r a t i o n s  were i n t r o d u c e d  i n  
F i g s .  8 and 9 by t h e  experimental  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  i n t e n s e l y  
i l l u m i n a t i n g  a narrow s l i t .  Therefore ,  F i g .  9 should  be compared w i t h  
F i g .  8 o n l y  to  see t h e  e f f e c t s  of t h e  s l i t  and should  n o t  be taken  a s  
r e p r e s e n t i n g  fundamental  l i m i t s  on r e s o l u t i o n .  
F i g u r e  9 does  have p r e c i s e l y  t h e  c h a r a c t e r i s t i c s  p r e d i c t e d  by F i g s .  3 
and 4--two-dimensional r e s o l u t i o n  and better r e s o l u t i o n  i n  t h e  p l a n e  t r a n s -  
verse t o  t h e  s l i t  than  p e r p e n d i c u l a r  t o  i t .  Obviously,  t h e  g e n e r a l  n a t u r e  
of t h e  washers  can s t i l l  be determined.  
The o n l y  d i f f e r e n c e  between b i s t a t i c - r a d a r  mapping and t h e  hologram 
is  t h a t  i n  t h e  hologram t h e  f i e l d s  a l o n g  L a r e  measured s i m u l t a n e o u s l y  
w h i l e  i n  t h e  r a d a r  c a s e  t h e  f i e l d s  a r e  measured s e q u e n t u a l l y  i n  t i m e .  
F l y i n g  a v e h i c l e  a long  L merely i n t r o d u c e s  a l i n e a r - s c a l e  change from 
t h e  space-frequency domain t o  t h e  t ime-frequency domain i n  t h e  o u t p u t  of 
t h e  d e t e c t o r .  
Even though t h e  d i s c u s s i o n  t o  t h i s  p o i n t  h a s  d e a l t  w i t h  s t a t i o n a r y  
o b j e c t s ,  p e r f e c t l y  coherent  i l l u m i n a t i o n ,  and l i n e a r  t r a j e c t o r i e s ,  i t  
a p p e a r s  f e a s i b l e  t o  apply  t h e  mapping t e c h n i q u e  to  t h e  Moon and t h e  
p l a n e t s .  
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FIG. 7 .  TEST OBJECT FOR HOLOGR M ANALOGY. 
F I G .  8 .  REAL IMAGE OF HOLOGRAM. 
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FIG. 9. REAL IMAGE OF HOLOGRAM THROUGH 20-MICRON SLIT, 2 c m  LONG. 
Allowing t h e  t r a j e c t o r y  t o  c u r v e  amounts t o  making [, t h e  d i r e c t i o n  
c o s i n e  between t h e  i n c i d e n t  wave and t h e  p a t h ,  a f u n c t i o n  of d i s t a n c e  
a l o n g  t h e  p a t h .  For  [ ( y )  s lowly v a r y i n g  w i t h  r e s p e c t  t o  e t h e  p r e -  
v i o u s  r e s u l t s  h o l d .  Once i t  is  r e a l i z e d  t h a t  t h e  e n t i r e  imaging system 
depends p r i m a r i l y  on removing t h e  phase  i n t r o d u c e d  by t h e  s c a t t e r i n g  
p r o c e s s  t h e r e  i s  no d i f f i c u l t y  u n d e r s t a n d i n g  t h e  c o r r e c t i o n  f o r  
[ c . f .  Eq. ( 4 ) l .  
S '  
[ = [ ( y ) .  
A p l a n e t  r o t a t e s  v e r y  s l o w l y  compared t o  t h e  o r b i t  times c u r r e n t l y  
e n v i s i o n e d  f o r  p l a n e t a r y  s t u d i e s .  Consequent ly ,  d u r i n g  t h e  t i m e  r e q u i r e d  
f o r  an orbi ter  t o  i n s p e c t  some r e g i o n  of i n t e r e s t  t h e  p l a n e t  moves o n l y  
s l i g h t l y  ( l i n e a r  motion i s  of no impor tance)  so  t h a t  t h e  p r i n c i p a l  e f f e c t  
on e w i l l  be  a s h i f t  i n  i t s  s p a t i a l  o r i e n t a t i o n .  To a v e h i c l e  p a s s i n g  
through t h e  i n t e r f e r e n c e  p a t t e r n  t h i s  a p p e a r s  a s  a change i n  t h e  v e l o c i t y  
of t h e  s p a c e c r a f t  r e l a t i v e  t o  t h e  p a t t e r n  and can be removed from t h e  
d a t a .  An a l t e r n a t e ,  perhaps  more d i r e c t ,  p o i n t  of  view i s  t h a t  r o t a t i o n  
i n t r o d u c e s  a p e r t u r b a t i o n  i n  t h e  phase  p a t h  from a p o i n t  on t h e  p l a n e t  
t o  a p o i n t  i n  t h e  o r b i t  w i t h  r e s p e c t  t o  t h e  phase  p a t h  f o r  a s t a t i o n a r y  
S 
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body, bu t  i t  i s  a p e r t u r b a t i o n  t h a t  can be c a l c u l a t e d  and accounted f o r  
i n  the  imaging p r o c e s s .  
The e f f e c t  of f i n i t e  s p e c t r a l  w i d t h  e n t e r s  i n  the form of the auto-  
c o r r e l a t i o n  f u n c t i o n  of t h e  i l l u m i n a t i n g  wave a s  an ampli tude-weight ing 
f a c t o r  i n  Eq. ( 4 ) ,  w i t h  an argument of t he  t o t a l  t i m e  d e l a y  between e 
i 
and e . Thus, i f  t h e  coherence l e n g t h  of t h e  i l l u m i n a t i n g  wave t r a i n  
is  g r e a t e r  than  t h e  p a t h  d i f f e r e n c e  between e and e Eq. ( 4 )  s t a n d s .  
The coherence l e n g t h  of t h e  t r a n s m i t t e d  wave can b e  t r u l y  enormous. How- 
e v e r ,  t h e  randomizing e f fec ts  of t he  i n t e r p l a n e t a r y  medium and p l a n e t a r y  
atmospheres  must be accounted f o r .  C u r r e n t  d a t a  s u g g e s t  t h a t  r a d i o  fre- 
q u e n c i e s  above 200 or 300 Mc w i l l  b e  u s a b l e  o v e r  an a s t r o n o m i c a l  u n i t .  
S 
i S’ 
S i n c e  Eq. ( 4 )  r e p r e s e n t s  a matched-f i l t e r  response  ( c o r r e l a t i o n  detec- 
t i o n )  i t  is  optimum i n  t h e  sense  t h a t  t h e  s i g n a l - t o - n o i s e  r a t i o  for  a 
g iven  t a r g e t  i s  maximized. A well-known p r o p e r t y  of such  f i l t e r s  is  t h a t ,  
f o r  a whi te -noise  p r o c e s s ,  the  o u t p u t  s i g n a l - t o - n o i s e  r a t i o  is e x p r e s s e d  
by 
where E i s  t h e  t o t a l  energy i n  t h e  s i g n a l  and No i s  t h e  s p e c t r a l  
d e n s i t y  of the  n o i s e  [Ref .  81. Assuming a r e c e i v e r  n o i s e  tempera ture  
of s e v e r a l  hundred d e g r e e s ,  an i n p u t  t r a n s m i t t e r  power of 1 Mw, a t o t a l  
an tenna  g a i n  of 65 db,  and an i n t e g r a t i o n  t i m e  of 100 sec a t  a r a n g e  of 
1000 km, o b j e c t s  w i t h  a b i s t a t i c - r a d a r  cross s e c t i o n  of 10,000 m2 should  
have a s i g n a l - t o - n o i s e  r a t i o  of u n i t y  o v e r  a d i s t a n c e  of 1 A.U.  
cor responds  t o  the  s p e c u l a r  r e f l e c t i o n  from a p r o j e c t e d  p a t c h  of ground 
on t h e  o r d e r  of 300 m on a side. 
T h i s  
U n t i l  now, t h e  model has been developed i n  terms of i l l u m i n a t i n g  a 
p l a n e t  and r e c e i v i n g  t h e  s c a t t e r e d  f i e l d s  on board an o r b i t e r .  While  
perhaps  more d i f f i c u l t  t o  c o n c e p t u a l i z e ,  t he  r e c i p r o c i t y  theorem a s s u r e s  
u s  (and i t  can be shown d i r e c t l y )  t h a t  t he  same r e s u l t s  h o l d  for  t r a n s -  
m i s s i o n s  from t h e  o r b i t e r  t o  t h e  E a r t h .  Consequent ly ,  when t h e  s i g n a l -  
t o - n o i s e  r a t io  f o r  t h e  r e f l e c t e d  r a y  i s  s u f f i c i e n t l y  h i g h ,  a s  i t  may b e  
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I C  in the case of lunar orbiters, the down-link signal--e.g., the telemetry 
carrier from an orbiter--may also be used for mapping. Ground-based trans- 
mitters will evidently be required for planetary ranges. 
A great deal more work, both experimental and theoretical, is obvi- 
ously required before the experiment described in this paper can be 
implemented. However, we believe that we have demonstrated the basic 
scientific soundness and technical feasibility of radar mapping in a 
bistatic continuous-wave mode. 
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